Palladium (Pd) is widely used as an industrial catalyst and also in dental prosthetic materials. Recently, the control of carbon monoxide and hydrocarbon concentrations in automobile exhaust emissions has resulted in an increase in the consumption of Pd for use in catalytic converters. These converters are designed to reduce the concentrations of carbon monoxide and hydrocarbons in the exhasut stream by oxidizing them into carbon dioxide and water. This increasing consumption of Pd may possibly cause future environmental pollution through emission of Pd into the atmosphere and through disposal of worn-out converters.
Only one paper by Okamoto (7) has described a method for histochemical staining of Pd with a dyestuff. This method demonstrated Pd in tissue sections using pdimethylaminobenzylidenerhodanine (rhodanine), but it had insufficient specificity for Pd.
In order to search for a new chelating agent for use in metal staining with a higher selectivity in comparison to the conventional method, thiazolylazo-benzoic acid derivatives were synthesized and then examined for their staining properties with various metals. This paper introduces new staining agents with a higher selectivity for Pd and a new method for staining Pd in histochemical practice.
MATERIALS AND METHODS

Reagents
2-(2-Thiazolylazo)-5-dimethylaminobenzoic acid (TAMB), and 2-(2-benzothiazolylazo)-5-dimethylaminobenzoic acid (BTMB), were obtained from the Dojindo Laboratory (Kumamoto). 2-(4-Methyl-2-thiazolylazo)-5-dimethylaminobenzoic 273 acid (Me-TAMB), and 2-(5-bromo-2-thiazolylazo)-5-dimethylaminobenzoic acid (Br-TAMB) were prepared as follows (10); Me-TAMB. Sodium nitrite (0.7 g) was dissolved in concentrated sulfuric acid (10 ml), and cooled to 0-5°C. A mixture of glacial acetic acid (4.3 ml) and propionic acid (0.7 ml) was added to this solution, followed by 2-amino-4-methylthiazole monohydrochloride (1.5 g) at a temperature below 5°C , and then left in an icebath for 30 min. A solution of m-dimethylaminobenzoic acid (1.6 g) in a mixture of glacial acetic acid (25 ml) and methanol (100 ml) was added slowly to the diazonium solution at a temperature below 5°C and left in an icebath for 30 min. The methanol solution was neutralized with sodium hydroxide and then allowed to stand in an air current at room temperature until the methanol had completely evaporated. The residue was dissolved in ethanol (200 ml) containing two drops of 1 N sodium hydroxide and the product was thoroughly precipitated from cold ethanol solution by addition of a small amount of acetic acid. The product was repeatedly crystallized from ethanol in the same manner. 2 g ) was dissolved in concentrated sulfuric acid (5 ml) and water (15 ml). Diazotization was carried out by slowly adding an aqueous solution of sodium nitrite (0.7 g) and water (15 ml) to the solution at a temperature below 5°C and leaving it in an icebath for 30 min. An ethanol solution of m-dimethylaminobenzoic acid (0.5 g) and ethanol (15 ml) was added slowly to the diazonium solution at a temperature of 5°C. This solution was then poured into icewater (300 ml). The crude product was precipitated from the methanol solution of the product after filtration and then isolated by column chromatography on alumina (300 mesh, Wako Pure Chemical Ind., Osaka) and developed with a mixed solvent (chloroform: methanol, 2:3 v/v). The product was extracted from the red band of the column with water.
Anal. Calcd. for C12H11N4S102Br1, 2-(5-bromo-2-thiazolylazo)-5-dimethylaminobenzoic acid: C, 40.56; H, 3.10; N, 15.77. Found: C, 39.70, H, 2.94; N, 15.25.
The other reagents used were of analytical grade. Spectrophotometry
The absorption spectra of thiazolylazo-benzoic acid-metal complexes were measured in 40% (v/v) dioxane-water solution containing large excesses of the thiazolylazo-benzoic acid derivatives in comparison with the metals, and buffered with borate (0.04 M) at pH 10.0. Molar absorptivities were calculated from the maximum absorbance of the thiazolylazo-benzoic acid-metal complexes according to BeerLambert's law. A Shimadzu UV-180 spectrophotometer was used to determine the absorption spectra of the complexes, and a Horiba glass electrode pH meter was used for all pH measurements. Preparation of tissue sections Rats (body weight, approximately 200 g) under Nembutal anesthesia were injected with 4 ml of a 0.05 or 0.01 M aqueous solution of Pd-chloride into the liver via the portal vein. The livers were immediately removed, fixed in acetone at 4°C, embedded in paraffin, then sectioned at 6~Cm. Tissues injected with other metals were prepared in an identical manner. Control sections were prepared in the same maner from rats that had not received any metal injection. Sections from tissues injected with a 0.05 M solution are hereafter referred to as 05-sections. Similarly, sections from 0.01 M solution-injected tissues are referred to as 01-sections. Preparation of staining solutions The formulae used for the staining solutions were as follows: TAMB, BTMB and Br-TAMB 5 mg 0.5 N sodium hydroxide 1 drop deionized water 30 ml The thiazolylazo-benzoic acid derivatives were first dissolved in 0.5 N sodium hydroxide and sequentially diluted with deionized water. The pH of the solution was adjusted to pH 5 with diluted hydrochloric acid just before use. Sections were placed in the solution for 90 min.
Me-TAMB 5 mg dimethylsulfoxide (DMSO) 1 ml 0.5 N hydrochloric acid 1 drop deionized water 30 ml 0.1 M sodium pyrophosphate 1 ml Me-TAMB was first dissolved in DMSO, sequentially diluted with deionized water, and 0.5 N hydrochloric acid was added. Pyrophosphate was added to the solution just before use. Sections were placed in the solution for 90 min.
Pd was stained with rhodanine according to the method reported by Okamoto (7).
RESULTS
Staining results
The results of the staining tests for various metals using thiazolylazo-benzoic acid derivatives are summarized in Table 1 . The derivatives stained only two metals, Pd and copper (Cu), among a variety of others (aluminum, berylliuim, bismuth, cadmium, chromium, cobalt, iron, lead, nickel, manganese, mercury, silver, strontium, tin, zinc) using 05-sections in the tests. No staining was observed from control sectioins stained in the same manner. When 01-sections were used for the tests, only Pd was clearly stained (Fig. 1) , and Cu failed to stain, as shown in Table 1 . This revealed that thiazolylazo-benzoic acid derivatives possess higher selectivity for Pd than the TABLE 1. Results of staining with thiazolylazo-benzoic acids
The "+" mark denotes that the agent is capable of staining the metals indicated, and the number of these marks indicates their staining intensity. The "-" mark denotes failure to stain.
The mark "±" denotes that the agent very weakly stains the metals.
conventional rhodanine method, since rhodanine stains mercury and silver in addition to Pd and Cu. Comparative photomicrographs of Pd in 01-sections stained with TAMB or rhodanine (Figs. 1, 2) showed almost the same sensitivity for Pd. Sequestration of Cu In order to differentiate Pd from Cu when staining for Pd, the masking effects of a Fin. 1. TAMB staining of Pd in a 01-section (liver). A large amount of Pd is observed in sinusoids and blood vessels, since the liver was removed from rats and fixed immediately after Pd injection. TAMB shows almost the same staining sensitivity for Pd as rhodanine (Fig. 2) . Original magnification, X 66. variety of masking agents for Cu have been examined (12) . Differentiation was achieved by the addition of 1 ml of an aqueous solution of 0.1 M sodium pyrophosphate or tripolyphosphate to the staining solution in the manner described in "P reparation of staining solutions" in the Methods section. Cu was masked by the phosphate, so only Pd was stained in tissue sections.
Complex forming properties in test-tubes Using a spectrophotometer and test-tubes, I examined the complex-forming properties of these staining agents and metals in test-tube. The spectra obtained from BTMB-Pd or -Cu complexes are shown in Fig. 3 . BTMB reacted with Pd and Cu to form their respective complexes, which showed very high absorption; however, no absorption was obtained from the cadmium or zinc complexes ( Table 2 ). This agreed with the results obtained from the staining.
In order to clarify the stability of thiazolylzo-benzoic acid-Pd or -Cu complexes, I examined the changes in the absorption spectra of the complexes with time. The Br-TAMB-Pd complex was very labile: a slow reduction of absorbance at around 690 nm was observed in the spectra obtained, as shown in Fig. 4 . Such lability of metal complexes in aqueous solution was also observed with bromo-thiazolylazodiethylaminophenol-cadmium or -zinc complexes (13) . Other thiazolylazo-benzoic acid-Pd or -Cu complexes, including the TAMB-Pd complex, were very stable, since no changes were observed in the spectra obtained. The molar absorptivities calculated from the absorbances of metal complexes are summarized in Table 2 . The TAMB-Pd complex showed the highest molar absorptivity among the thiazolylazo-benzoic acid-Pd complexes. This suggests that the introduction of a methyl or bromo group into TAMB is an ineffective means of obtaining higher molar absorptivity. In contrast with thiazolylazo-phenol derivatives, increases in the absorptivity were obtained by the introduction of these groups into the thiazole ring (13, 14) . DISCUSSION Pd in colloidal form has been used therapeutically (but ineffectually) for tuberculosis and gout, and especially as a treatment for obesity, but there are some indications of a febrile reaction to its use over fairly long peiods (3) . Toxicological data on Pd are extremely limited in comparison with other metals such as mercury, cadmium and lead. Reports indicate that the toxic effects in animals include injury to the heart, kidneys, bone marrow and liver, when administered by intravenous injection, and that the toxicity varies with the chemical form of Pd (2, 4, 8) . Moore (5) reported the LD50 of Pd chlorides and tissue distribution of 103Pd in rats for different routes of administration. The values obtained for the LD50 (mg/kg) were 5, 70, 200, and 6 for the intravenous (IV), intraperitoneal, oral and intratracheal (IT) routes, respectively. Marked differences were thus noted, ranging from 5 mg/kg for IV to greater than 200 mg/kg for IT. The distribution and concentration of 103Pd was determined for different tissues following IV and IT dosing. Twenty-four hr after IT dosing, detectable quantities of 103Pd were found only in the kidney and liver. With IV dosing, 1°3Pd was found in all the tissues analyzed . A few cases of contact dermatitis and allergy to Pd have also been reported (1, 9, 16) .
Rhodanine has usually been used as the most specific and sensitive agent for the staining of Pd. However, the results obtained with TAMB revealed that it was superior to rhodanine with regard to selectivity for various metals when stainig for Pd in practice, since with TAMB, only one interfering metal had to be sequestered by the use of a masking agent, while with rhodanine, there were three interfering metals. TAMB was also indicated to have almost the same staining sensitivity for Pd as rhodanine. Up to now, it has not been possible to predict quantitatively the correct choice of a suitable masking agent by consulting data books. Accordingly, a suitable masking agent is usually chosen by investigating a large number of possible agents by trial and error (12) . It is therefore very difficult to find suitable masking agents for sequestering the three interfering metals when staining for Pd using rhodanine.
Metals in tissue can be roughly divided into two groups according to their chemical form; one is tightly bound metal, and the other is loosely bound metal that binds only weakly to certain tissue constituents.
Chelating agents used for histochemical metal staining such as Dithizone and Alizarin are generally unreactive with tightly bound metals, reacting only with loosely bound metals to form colored complexes in body tissue. For example, cadmium (Cd) binding to metallothionein, which is induced by chronic exposure to Cd, is a typical tightly binding metal, and is usually unstained by chelating agents for metal staining (11, 15) . Nielsen (6) has reported that Pd is also likely to form Pd-thionein by binding to metallothionein . Most of the Pd in the liver sections used for the present staining experiments existed in the form of loosely bound metal because the livers were removed from rats and fixed immediately after the injection. For this reason, TAMB was able to visualize the localization of Pd in the sections. On the other hand, in tissues of animals chronically exposed to Pd, the amount of loosely bound Pd seems to be less than that of the tightly bound form, possibly making it difficult to visualize the localization of Pd in tissue sections. Transformation of tightly bound metals into loosely bound ones is generally necessary in order to visualize them. Recently, the author's co-wokers have found that the pretreatment of tissue sections using oxidizing or reducing agents is useful for such transformation of tightly bound metals (unpublished data).
